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Traits such as clutch size vary markedly across species and environmental gradients but have usually been investigated
from either a comparative or a geographic perspective, respectively. We analyzed the global variation in clutch size
across 5,290 bird species, excluding brood parasites and pelagic species. We integrated intrinsic (morphological,
behavioural), extrinsic (environmental), and phylogenetic effects in a combined model that predicts up to 68% of the
interspecific variation in clutch size. We then applied the same species-level model to predict mean clutch size across
2,521 assemblages worldwide and found that it explains the observed eco-geographic pattern very well. Clutches are
consistently largest in cavity nesters and in species occupying seasonal environments, highlighting the importance of
offspring and adult mortality that is jointly expressed in intrinsic and extrinsic correlates. The findings offer a
conceptual bridge between macroecology and comparative biology and provide a global and integrative
understanding of the eco-geographic and cross-species variation in a core life-history trait.
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Introduction
There is enormous variation in life-history among species
and across regions, which ecologists have long sought to
explain [1–3]. One trait of particular interest is the number of
eggs laid per nest (clutch size) by birds, which is central to
avian reproductive effort and probably the best-recorded
animal life-history trait. The causes of its substantial variation
have fascinated behavioural, ecological, and evolutionary
biologists for more than 60 years [2,3], but remain highly
debated [4–6]. Life-history theory aims to discover the factors
that determine intra- and inter-speciﬁc variation in life-
history traits. This discipline has recently beneﬁted from
observational and experimental studies that have quantiﬁed
important trade-offs, reaction norms, and phenotypic plas-
ticity of the variation within populations and species [7,8].
However, this work is limited in its ability to explain the
tremendous interspeciﬁc and geographic variation in life-
histories—from warblers to raptors, and from the tropics to
the poles. Inspired by David Lack’s original observations [3],
comparative biologists have documented that clutch size
tends to be conserved within clades and often co-varies with
intrinsic (biological) attributes such as body size, nestling
development, and nest type. At the same time, others have
pointed to extrinsic (environmental) inﬂuences on clutch size
with respect to latitude [1,2], gradients of resource avail-
ability, and seasonality [4,9,10], and between biogeographic
regions. Lack [3,11] hypothesised that clutch size may be
determined by food abundance during the breeding period,
per se, and that northern species have large clutches because
daylight periods during the breeding season are longer than
those in the tropics. In contrast, seasonality of food
abundance is suggested to be linked to clutch size by two
alternative mechanisms. Classical life-history theory predicts
that high seasonality in the temperate regions, causing high
adult mortality, will lead to the evolution of high investment
in current reproduction and large clutch sizes because the
likelihood to survive until the next breeding season is low [5].
Alternatively, Ashmole [9] argued that high adult mortality in
the temperate regions reduces population density, increases
per-individual resource availability in the breeding season,
and allows temperate birds to nourish large clutches [4,12].
Critically, like these suggested extrinsic drivers, clades and
their intrinsic traits that may affect clutch size are also not
randomly distributed along environmental gradients or
realms. Consequently, separate viewpoints focusing on just
intrinsic or extrinsic drivers have limited the uniﬁcation and
generalization of our understanding of life-history variation.
Here we present an analysis that integrates these perspectives
and we assess the variation in clutch size across species and
assemblages worldwide. We compiled information on clutch
size and other intrinsic (body mass, migratory behavior,
development mode, nest type, diet) and extrinsic attributes
(latitude, temperature, precipitation, net primary productiv-
ity, seasonality, and realm) for a total of 5,290 species of
landbirds. This allows us to develop and test a ﬁrst global
model of clutch size that integrates existing viewpoints of life-
history variation.
Results/Discussion
While clutch sizes vary over a large range, more than half of
all birds lay 2 or 3 eggs (mode: 2, median: 2.8; Figure 1). The
right-skewed frequency distribution indicates that from a
global perspective, the large clutch sizes of northern temper-
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PLoS BIOLOGYate bird species—few in numbers, but most frequently
studied in life-history research [5,13,14]—are in fact unusual.
This highlights the importance for a perspective that extends
to the tropics [15]. We ﬁnd that a key intrinsic factor that
distinguishes clades in their typical clutch size is the mode of
development [16–19]. Precocial species, with their more
mobile offspring, have much larger clutches ( x ¼ 4.49, N ¼
864 species) than altricial species ( x¼2.85, N¼4,426; t¼21.73,
p , 0.001). This may be the result of the shorter and less
intensive parental care required by precocial young, thus
reducing the ﬁtness costs of additional offspring and allowing
parents to raise larger clutches [18,19]. Development mode is
phylogenetically highly conserved (in our dataset there is no
altricial versus precocial variation below the family level), and
we note that its consequences and associated selection
pressures likely inﬂuence other intrinsic effects on clutch
size.
Because of the prevalent inﬂuence of development mode
and its high collinearity with other potential predictors of
clutch size (Table S1), we assessed all intrinsic effects in
combination (for single-predictor results, see Table S2). A
previously noted negative effect of body mass on clutch size
[20] is only weakly borne out across the global avifauna for
altricial species (Table 1 and Figure 2). From a global
perspective, altricial migrants have larger clutches than
nonmigrants, especially when extrinsic effects are not
accounted for (see below), which is different from studies
that do not include tropical species [17,21,22]. Another strong
intrinsic determinant of clutch size is nest type [23–25].
Cavity nesters, which are naturally exposed to lower rates of
nest predation, tend to have larger clutch sizes than open
nesters, and species with half-open nests are in between
(Figure 2). Finally, clutch size also varies by diet [3], with
granivores and omnivores laying larger clutches than frugi-
vores and nectarivores.
A second suite of constraints on life histories arises from
extrinsic factors characterizing the environment of species.
One popular ‘‘catch-all’’ surrogate is latitude, which captures
much of the global environmental variation because energy
availability becomes more seasonal and is usually reduced at
higher latitudes. An increase in clutch size toward the poles
has long been noted [1,2] and is conﬁrmed by our data (Table
S1). The extensive geographical coverage of our data allows us
to disentangle the various environmental trends underlying
latitude. We use environmental information integrated across
the global breeding distribution of each species to quantify
the average extrinsic conditions characterizing its broad-scale
niche. Speciﬁcally, we evaluate the seasonal difference
between summer and winter temperatures (TempMax –
TempMin, averaged over 3-mo periods), which emerges as the
strongest extrinsic predictor: clutch sizes are smallest in
species inhabiting relatively aseasonal environments and
increase linearly with temperature seasonality (Figure 2).
When this seasonality is controlled for, energy availability in
the breeding season (NPPMax) has a very weak positive effect
on clutch size. This supports the idea that seasonality in
resource conditions has a much stronger effect on clutch size
than the absolute level of resources in the breeding season
[4,9,10,26]. Even though ﬁne-scale variation in productivity
may limit NPPMax as estimate of per-individual energy
availability during the breeding season, the consistently weak
trend over a wide range of environments offers little support
for Lack’s original hypothesis [3,11]. Finally, after accounting
for these two environmental variables, only a limited biogeo-
graphic signal (variable Realm) remains: birds of Australasia,
the Afrotropics, and especially Oceania tend to have smaller
clutch sizes than birds of other regions. While the strong
deviation in Oceania may arise from a potential over-
sampling of species with large clutches (data were available
for only 17% of species, compared to 57% elsewhere), the
life-history strategies of island taxa may be partially shaped
by higher population densities and elevated intraspeciﬁc
competition [27,28].
Intrinsic and extrinsic life-history determinants do not act
in isolation, and our analytical approach allows us to assess
their respective contribution in combination. In the joint
model, all ﬁve intrinsic and three extrinsic predictors so far
discussed emerged as signiﬁcant (Table 1 and Figure 2). All
Figure 1. Global Variation in Species Clutch Size
Shown are mean clutch sizes of all 5,290 species of landbirds in the
analysis (six species with clutch sizes . 14 not illustrated).
doi:10.1371/journal.pbio.0060303.g001
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Author Summary
Why do some bird species lay only one egg in their nest, and others
ten? The clutch size of birds is one of the best-studied life-history
traits of animals. Nevertheless, research has so far focused either on
a comparative approach, relating clutch size to other biological traits
of the species, such as body weight; or on a macroecological
approach, testing how environmental factors, such as seasonality,
influence clutch size. We used the most comprehensive dataset on
clutch size ever compiled, including 5,290 species, and combined it
with data on the biology and the environment of these species. This
approach enabled us to merge comparative and macroecological
methods and to test biological and environmental factors together
in one analysis. With this approach, we are able to explain a major
proportion of the global variation in clutch size and also to predict
with high confidence the average clutch size of a bird assemblage
on earth. For example, cavity nesters, such as woodpeckers, have
larger clutches than open-nesting species; and species in seasonal
environments, especially at northern latitudes, have larger clutches
than tropical birds. The findings offer a bridge between macro-
ecology and comparative biology, and provide a global and
integrative understanding of a core life-history trait.extrinsic and most of the intrinsic variables continue to have
very strong effects. This is not true for migratory tendency
and diet, which are closely tied to climatic conditions (Table
S1). After accounting for temperature seasonality in the
combined model, these variables retain relatively little
residual effect. This suggests that the larger clutches of
altricial migrants arise at least in part from their occupying
high-latitude, seasonal environments. By themselves, the pure
intrinsic and extrinsic models account for a substantial
amount of cross-species variation in clutch size (32% and
27%, respectively). The combined model explains 44% and
predicts the absolute variation well (Figure 3A; xobserved ¼
 0.28 þ 1.14 (s.e. ¼ 0.018)xpredicted; F1,5288 ¼ 3,914).
Different lineages may evolve fundamentally different
morphological, physiological, and ecological niches and as a
consequence exhibit conservatism in both life-history traits
and their intrinsic and extrinsic correlates [29]. Over 90% of
the variation in key life-history traits in birds occurs at the
level of families and higher [30]. We therefore tested the
ability of our combined model to predict variability of clutch
size in a phylogenetic nested model that takes into account
the order and family membership of the species. The results
conﬁrm the strong phylogenetic constraints on many
intrinsic predictors of clutch size. After accounting for clade
membership, the relative strength of the intrinsic compared
to the extrinsic model in the cross-species analysis is reversed.
Under phylogenetic control, the extrinsic portion of the
model offers stronger predictions (r
2 ¼ 0.26) than the more
phylogenetically conserved intrinsic part (r
2 ¼ 0.21), and the
latter does not improve overall model ﬁt as much (delta
Akaike information criterion (AIC) of 305 and 983 to full
model, respectively). Extrinsic predictors appear orthogonal
to phylogeny and the outstanding importance of temperature
seasonality is conﬁrmed. As expected, biogeographic realm
membership, which is tightly linked to clade-speciﬁc biogeo-
graphic history, loses importance in the phylogenetic model.
Accounting for the phylogenetic variation at the order and
family level explains substantial additional variation, increas-
ing r
2 to 0.68 (Figure 3B).
The geographic context of our data allows us to test the
ability of a comparative analysis to predict a global eco-
geographic pattern [31]. Speciﬁcally, we evaluate how well
predictions for each species from our combined cross-species
and phylogenetic model ﬁt the observed average (geometric
mean) clutch size in 2,521 bird assemblages of 220 3 220-km
size. This provides a test of whether the proposed integration
of intrinsic and extrinsic factors is able to recreate observed
geographic gradients. Observed average clutch sizes across
assemblages show a remarkably strong geographic gradient
from an average of 4.5 eggs at the high northern latitudes to
just over two eggs in the tropics (Figure 4A). We ﬁnd that our
combined cross-species model successfully predicts this geo-
graphic pattern (Figure 3C), with a slope almost indistin-
guishable from 1 ( xObserved ¼0.092þ0.99 (s.e.¼0.004)  xPredicted;
Table 1. Integrated Models of Clutch Size across 5,290 Bird Species
Predictor Category Cross Species Nested Phylogenetic
Intr Extr Both Intr Extr Both
DAIC DAIC b tp DAIC DAIC DAIC b tp DAIC
Mass 188 –0.06 –13.62 *** 215 89 –0.07 –12.25 *** 140
Migrant 599 –0.04 –15.34 *** 72 663 –0.03 –15.03 *** 608
Precocial –5 –0.06 –2.79 ** 6 25 –0.06 –1.10 -5
Precocial Mass 116 –0.10 –11.17 *** 122 25 –0.02 –11.79 -6
Precocial Migrant 46 –0.10 –8.43 *** 69 49 –0.05 –4.18 *** 8
Nest type 413 –0.06 –23.78 *** 537 34 –0.03 –17.59 *** 46
Diet Vertebrates
Invertebrates –0.02 1–2.08 *** –0.01 1–1.02
Omnivore 534 0.05 3.53 *** 328 314 0.09 5.82 *** 153
Plants and Seeds –0.07 –16.90 *** –0.04 –13.25 ***
Fruits and Nectar –0.06 –5.94 *** –0.04 –3.06 **
TempMax – TempMin 650 –0.20 –23.00 *** 504 819 –0.18 –25.47 *** 601
NPPMax 8 0.00 4.60 *** 19 6 0.00 1.09 -19
Realm Nearctic
Neotropics –0.06 –5.44 *** –0.02 –1.94
Palearctic –0.01 1–1.35 –0.00 1–0.59
Afrotropics 111 –0.07 –7.02 *** 116 38 –0.06 –6.83 *** 49
IndoMalay –0.03 1–2.95 *** –0.02 1–2.40 ***
Australasia –0.09 –8.29 *** –0.05 –4.88 ***
Model AIC –4,235 –3,859 –5,275 –6,532 –7,210 –7,515
r
2 fixed 0.32 0.27 –0.44 0.21 0.26 0.27
r
2 Order 0.42 –70.45 0.52
r
2 Family 0.61 0.66 0.68
Multi-predictor models based on only intrinsic (Intr, biological) or extrinsic (Extr, environmental) predictors, or both combined (Both). The DAIC (delta AIC) columns list the increase in
Model AIC when a predictor is dropped. All potential interactions between Precocial and continuous predictors were explored. The null models AICs were  2,204 for cross species and
 5,545 for nested phylogenetic model. r
2 fixed indicates proportion variance explained by predictor variables, r
2 Order and r
2 Family indicate the proportion variance of observed values
explained by those predicted when additionally the random effects of Order and Family nested in Order are fitted. r
2 Order is 0.25 and r
2 Family is 0.52 for the nested phylogenetic null
model without any fixed effects. For the Both models parameter, estimates (b) and their significant difference from zero are listed (indicated as * p , 0.05, ** p , 0.01, *** p , 0.001).
Migrant is a binary variable indicating migratory behaviour, TempMax– TempMin and NPPMax quantify temperature seasonality and peak net primary productivity across species’ geographic
range. In the two categorical variables Diet and Realm, contrasts were specified as ‘‘treatment’’ and each level related to the baseline category (Vertebrates and Nearctic, respectively).
doi:10.1371/journal.pbio.0060303.t001
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Avian Clutch Size across Species and SpaceFigure 2. Partial Residual Plots for the Combined Intrinsic-Extrinsic Model of Clutch Size
This plot (also called component þ residual plot, response: CompþRes) illustrates the relationship between a predictor and the response given other
predictors in the model (specifically, it is a plot of riþbxi versus xi, where ri is the ordinary residual for the i-th observation, xi is the i-th observation and b
is the regression coefficient estimate). For Mass, the solid line and solid symbols refer to altricial species, the dashed line and open symbols to precocial
species. To visualize the interaction with Precocial, we excluded that variable for the two interacting predictors (Mass, Migrant) in the calculation of ri.
Abbreviations in Diet: Vert, vertebrates; Invert, invertebrates; Mixed, omnivore; PlaSee, plants and seeds; FruNect, fruits and nectar. In Realm: NeA,
Nearctic; NeT, Neotropics; PaA, Palearctic; AfT, Afrotropics; InM, IndoMalaya; Aus, Australasia; Ocn, Oceania. In Migrant: Non-mig, non-migrant. For
further details, see Table 1 (cross-species model Both).
doi:10.1371/journal.pbio.0060303.g002
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2¼0.97, F¼75,680). The phylogenetic nested model provides
an even better ﬁt ( xObserved¼ 0.09þ1.05 (s.e.¼0.003)  xPredicted;
r
2¼0.98, F¼129,800). This exceptional match is conﬁrmed by
a visual inspection of the geographic patterns (Figure 4B). It
illustrates the statistical strength that assemblage attributes,
averaged across species, can achieve even when underlying
detectable trends across species are weaker. Geographic
trends in the attributes of assemblages (e.g., mean assemblage
clutch size) are affected by species’ different geographic range
sizes, as wide-ranging species occur in a disproportionate
number of assemblages and thereby dominate geographic
patterns [32]. Geographic trait patterns based on assemblage
averages therefore carry a signal of both trait and range size
variation across space. Consequently, models of eco-geo-
graphic patterns confound correlates of trait variation with
correlates of species distributions and range size (and their
respective patterns of spatial autocorrelation). For an under-
standing of potential extrinsic determinants of trait varia-
tion, we therefore advocate the use of a comparative
approach for biological inference. Additionally testing
whether a model can predict geographic patterns allows
validation and bridges to the eco-geographic perspective.
Our ﬁndings on 56% of the world’s landbirds empirically
support recent theoretical work that highlighted the impor-
tance of food seasonality via adult mortality on clutch size
[26,33]. Highly seasonal environments can cause increased
adult mortality [34], e.g., because birds have to survive low
temperatures and resource conditions in situ or because they
have to migrate, which carries risks and costs. Additional
effects on population density and, indirectly, per-individual
resource availability in the breeding season, then combine to
make seasonality of resources the predominant driver of
clutch size variation across geographic gradients [26,33]. The
signiﬁcance of mortality, in this case mostly of offspring, for
the evolution of clutch size is also expressed in the most
important intrinsic determinant: nest type. Closed-nesters
are subject to much smaller rates of nest predation or loss
[23,24], and nest safety may inﬂuence clutch size through
clutch size–dependent nest predation [35] or the effect of
chick survival on adult density [4,9]. Nest type is phylogeneti-
cally conserved (its importance decreases strongly when
phylogeny is addressed, Table 1), and it is clearly an intrinsic
attribute. But its importance may itself be modulated by
extrinsic constraints connected to mortality, such as nest
predation pressure. This illustrates yet further the strong link
between environmental conditions and the evolution and
geographic distribution of biological traits such as nest type,
which in turn affect life-history traits. Intricate disruptions of
such trait associations may arise from climate change and its
differential consequences for extrinsic vs. intrinsic determi-
nants.
This study conﬁrms many of the previously asserted
correlates of clutch size, but moreover demonstrates how
life-history traits are jointly determined by the interplay of
intrinsic biological traits, the phylogenetic afﬁnities, and the
environment of a species. Understanding these interactions is
Figure 3. Cross-Species and Cross-Assemblage Model Fits
Fit between the observed clutch size and that predicted by the combined intrinsic/extrinsic multi-predictor model (Both, Table 1) across 5,290 species
(A and B) and 2,521 grid cell assemblages of 2203220-km size [(C and D) for geometric mean of assemblage clutch size]. Fits were evaluated for the
cross-species model (A and C) and the nested phylogenetic model (B and D). Least squares fits are shown. For details, see text and Table 1. The spatial
patterns of the assemblage predictions are illustrated in Figure 4.
doi:10.1371/journal.pbio.0060303.g003
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future climate change and their potential impacts on
biodiversity. Our ﬁndings call for a combination of tradi-
tional cross-species comparative analyses with spatial and
macroecological approaches to gain a more integrative,
conceptual understanding of life-history variation. Using this
approach offers a compelling integration of the intrinsic and
extrinsic determinants of trait variation that help understand
long-noted eco-geographic patterns and critical linkages in a
world of change.
Materials and Methods
Data. We obtained the minimum and maximum clutch size data for
5,290 landbird species from a range of literature sources (see Tables
S4–S6 and [36] for detailed overview). In this compilation, we did not
include brood parasites, as their clutch size is difﬁcult to deﬁne
(female birds usually spread a large number of eggs over many host
nests) and is obviously exposed to very different selection pressures.
We also excluded predominately pelagic and marine species, because
the environmental data in the analysis (see below) prevent a
straightforward comparison with predominantly terrestrial species.
We calculated the species-typical clutch size as the geometric mean of
the typical minimum and maximum clutch size (for an evaluation of
intraspeciﬁc variation, see below). For the same species, we compiled
data on species-typical values of potential intrinsic determinants
(development mode, body mass, migratory behavior, nest type, diet)
from the literature (see Tables S4–S6 for details). We classiﬁed species
into precocial (newly born young are relatively mobile, covered in
feathers, and independent) and altricial (newly born young are
relatively immobile, naked, and usually require care and feeding by
the parents). Mass information (body mass in grams) was compiled
from a variety of sources and averaged across up to four sources, and,
if they differed, across sexes. Diet data came from the dataset
described in [36]. Species dietary preferences were ﬁrst recorded
across nine major diet categories, and species were subsequently
assigned to one out of ﬁve primary diets (vertebrates, invertebrates,
fruits or nectar, other plant material or seeds, and omnivore). We
were able to compile data on nest type data for 2,816 species in the
analysis and for all 1,293 genera. Based on these data, we scored nest
type according to levels of nest cover as follows: 1, open (e.g., no nest,
cup, scrape, saucer, platform); 2, half-open nest (e.g., pendant, sphere,
dome, pouch, crevice); 3, closed (cavity, burrow). This nest cover score
only showed minor variation within genera, and across the 2,816
species with data the average genus score was an adequate surrogate
for the species-level score (Nest type(genus) ¼  0.00 þ 1.00 3 nest
Figure 4. Geographic Variation in Assemblage Clutch Sizes, Observed and Predicted
Shown are observed (A) and predicted (B) geographic patterns of the geometric mean clutch size across 5,290 bird species in 2,521 grid cell
assemblages of 220 3 220-m size for the cross-species model. Only assemblages with .30 species illustrated. For other details, see Figure 3.
doi:10.1371/journal.pbio.0060303.g004
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2 ¼ 0.90, F1,2814 ¼ 26,740). We therefore used genus-
typical nest type scores for all species lacking data. We acknowledge
that this may inﬂate the type I error for this variable in our
nonphylogenetic analysis. We assessed the migratory tendency of
species (Migrant) and classiﬁed them into non-migrants (non-
migrants, only altitudinal and local migrants) and migrants (inter-
and intra-continental) following [37] and [38].
We used the extent of occurrence maps of breeding ranges derived
from a variety of literature sources (for details see Figure S1, Table
S4, and [39]) (for justiﬁcation of grain size see [40]) to characterize the
broad-scale environmental attributes of species. We calculated the
centroid of the range in shapeﬁle format to derive the average
absolute latitude of a species’ range location (Abs. Latitude). We
extracted range map occurrences across a 55355 km
2 equal area grid
(cylindrical equal area projection), which we then linked to an
environmental dataset extracted across the same grid at 0.018 spatial
resolution. Temperature (8C) and precipitation (mm) data came from
University of East Anglia’s Climatic Research Unit gridded climatol-
ogy 1961–1990 dataset [41] at native 10-min resolution. We
determined average annual temperature (TempAvg), and total annual
precipitation (PrecTotal). For seasonality of temperature, we used
average temperature of the coldest and warmest three months across
all years (TempMin, TempMax) and calculated the annual temperature
range (TempMax – TempMin). In order to achieve a representative
estimate of both total and seasonal net primary productivity across
the second half of the 20th century, we used the output for above-
ground NPP (g Carbon m
 2) from a recently developed global
productivity model [42] based on the Lund-Potsdam-Jena dynamic
global vegetation model, including land-use [43]. We averaged model
output across 1961–1990 and in the analysis used total annual NPP
(NPPTotal), NPP of the most productive three months (NPPMax), and a
ratio characterizing seasonality in NPP (1 – (NPPMin/NPPMax)). We use
NPP as a broad-scale, general proxy for food abundance [44], with
NPPTotal reﬂecting average food abundance during the year, NPPMax
being food abundance in the breeding season, and (1 – (NPPMin/
NPPMax)) mirroring seasonal variation in food abundance. Both
tropical and temperate birds have been shown to most likely breed in
the months with highest NPP [26]. For biogeographic realm, we
determined the realm that contains the majority of a species breeding
range. We followed the regionalization originally given by [45] as
spatially implemented by the World Wildlife Fund (WWF) [46],
excluding the Antarctic region.
Our taxonomy and phylogenetic placement of families and orders
follows [37], with several updates (see [39] and Tables S4–S6 for
details). Following [37], we excluded from the analysis brood parasites
and species that forage predominately in pelagic and marine waters
during the breeding season, resulting in a global list of 9,391 bird
species. Data were not available for all predictor variables for some
species, which therefore had to be excluded. The restricted ﬁnal
dataset with full information consists of 5,290 species, i.e., 56% of all
qualifying species worldwide (for a list of species used in the analysis
see Table S4). Global representation of qualifying species across
realms ranged from high in Nearctic (95%) and Palearctic (80%), to
medium in Indomalaya (57%) and Aftrotropics (71%), to low in
Australasia (49%) and Neotropics (45%), and poor in Oceania (16%).
Analysis. We log10-transformed mean clutch size. Visual inspection
indicated that this sufﬁciently stabilized model residuals. We trans-
formed Mass and PrecTotal as log10(x), TempAvg as log10(x þ 100), and
TempMax – TempMin as log10(x þ 1). Predictor variables were mostly
weakly correlated, although 8 out of 65 variable combinations
reached Spearman rank correlations   0.75 (Table S1). We ﬁrst ran
single-predictor cross-species linear models to test the inﬂuence of
each predictor variables on log-transformed clutch size (Table S2),
and we then used AIC values to guide variable selection for multi-
predictor models. Given the different selection pressures on clutch
size between precocial and altricial birds, we analyzed single
predictor effects separately for these two groups and examined
interactions between the factorial variable precocial and all other
continuous predictors. We built the multi-predictor model starting
with the variable that had the lowest AIC value in the single predictor
models and sequentially added the next-strongest predictor.
We ﬁrst developed multi-predictor models of the selected intrinsic
and extrinsic variables separately by sequentially adding the best-
performing variables, and then combined both sets of predictors in a
joint model (the ‘‘Both’’ model, Table 1). We only included variables
in the ﬁnal model if the improvement in AIC they provided to the
combined model was over ten. In a second set of analyses, we built
nested phylogenetic models to address the strong phylogenetic signal
in clutch size variation. Speciﬁcally, we ﬁtted a linear mixed effects
model using the function lme in the nlme library version 3.1–83 run
in R 2.5.1. We used the taxonomic ranks Order and Family in [37] to
assign nested clade membership and ﬁtted Order alone and Family
nested in Order as random effects in addition to the ﬁxed effects
selected in the across-species multi-predictor model (see above). We
evaluated model ﬁts using AIC and r
2, which was calculated as the ﬁt
between observed and predicted clutch size across effect types.
To investigate the spatial patterns in clutch size across assemblages,
we compiled 2,521 lists of bird species found in 220 3 220-km grid
cells across the globe. Grid cells with less than 50% land and under 30
bird species with clutch size data were excluded. For each grid cell
assemblage, we calculated the geometric mean clutch size of its
members, as observed and as predicted by the cross-species and
nested phylogenetic multi-predictor models.
Intraspeciﬁc variation. Our analysis is based on species-typical
intrinsic and extrinsic attributes that are integrated or averaged
across all the individual and population level observations available
and across the entire geographic range. This collapses the intra-
speciﬁc variation to one single value, but has the advantage that
values are buffered against between-site variation and potential
population-level idiosyncrasies. We considered whether the substan-
tial intraspeciﬁc variation in clutch size, which our analysis misses,
may potentially bias observed patterns. Intraspeciﬁc clutch size
variation may occur within individuals (within and between years)
and between individuals (within and among populations). While a full
global analysis at the various levels of within-species variation of
clutch size would be desirable, the data do not allow it. However, we
believe that natural selection on clutch size occurs at all listed levels
of organization, and effects across species should be consistent and
comparable to effects within species. Potential biases may arise if
intrinsic or extrinsic within-species gradients were drastically differ-
ent to those at the across-species level. This issue should increase in
importance toward wide-ranging species as (i) their larger geographic
spread would likely result in increased trait variance and (ii) average
intrinsic and extrinsic attributes would be representative for a
successively smaller subset of populations. Lacking standardized data
on the intraspeciﬁc variance in clutch size across a representative set
of species, we use as proxy the range of clutch sizes recorded for a
species in the literature standardized by the mean (range to mean
ratio). We ﬁnd that thus-measured clutch size variance shows a weak,
but signiﬁcant increase with geographic range size: (log10-trans-
formed ratioþ1)¼ 0.06þ0.03 log10(geographic range size); r
2¼0.05,
F1,5288¼263.6, p , 0.001). To examine the sensitivity of the results of
our study to this variation, we selected the roughly half of all species
for which the range-to-mean ratio was under 0.28, i.e., the species
with either no recorded intraspeciﬁc variation (2,102 species), those
with a mean clutch size of 4 that varied at most by one egg (276
species), and those with a mean clutch size of 7 that varied at most by
two eggs (33 species). We then repeated our combined model (Table
S3). All core results for this subset of species are broadly similar to
those observed for all species. We conclude that the trends in our
study should be robust to potential biases from intraspeciﬁc
variation.
Supporting Information
Figure S1. Data Sources for Geographic Range Maps
Found at doi:10.1371/journal.pbio.0060303.sg001 (60 KB PDF).
Table S1. Cross-Correlation Matrix of Variables in the Analysis across
all 5,290 Species Data Points
Found at doi:10.1371/journal.pbio.0060303.st001 (63 KB PDF).
Table S2. Single-Predictor Intrinsic and Extrinsic Effects on Clutch
Size across Precocial Species and Altricial Species
Found at doi:10.1371/journal.pbio.0060303.st002 (15 KB PDF).
Table S3. Combined Models of Avian Clutch Size across the
Approximately Half of Bird Species in the Analysis with Least Clutch
Size Variation
Found at doi:10.1371/journal.pbio.0060303.st003 (13 KB PDF).
Table S4. List of Species and Data Sources Used for Geographic
Distributions and Data on Clutch Sizes and Intrinsic Variables
Found at doi:10.1371/journal.pbio.0060303.st004 (562 KB PDF).
Table S5. List of Main Literature Sources Consulted, with Abbrevia-
tions
Found at doi:10.1371/journal.pbio.0060303.st005 (14 KB PDF).
PLoS Biology | www.plosbiology.org December 2008 | Volume 6 | Issue 12 | e303 2656
Avian Clutch Size across Species and SpaceTable S6. List of All Literature Sources Consulted
Found at doi:10.1371/journal.pbio.0060303.st006 (186 KB DOC).
Acknowledgments
The compilation of breeding distributions of all bird species by WJ
would not have been possible without the many authors of primary
and secondary sources, the help of students, publishing houses, and
mentors providing support. Special thanks are due to Jane Gamble,
Hilary Lease, Terressa Whitaker, Josep del Hoyo (Lynx Ediciones),
Andrew Richford (Academic Press, Elsevier), Cathy Kennedy (OUP),
Chris Perrins, Robert Ridgely, Tzung-Su Ding, Rob McCall, Paul H.
Harvey, Stuart Pimm, and James H. Brown. For help with additional
data entry, CHS thanks John McLaughlin and Kevan Christensen, and
WJ thanks Kathleen Fisch. Christian Anderson, Gretchen Daily, Paul
Ehrlich, Tien Ming Lee, Chase Mendenhall, Robert Ricklefs, and Steve
Stearns kindly offered feedback on results or commented on the
manuscript.
Author contributions. WJ conceived and designed the experiments.
WJ analyzed the data. WJ, CHS, and KBG contributed reagents/
materials/analysis tools. WJ, CHS, and KBG wrote the paper.
Funding. The study was ﬁnancially supported by a National
Science Foundation Grant BCS-0648733 to WJ, the Christensen Fund
grant to CHS, and Virtual Institute of the Helmholtz Association
funding to KBG.
Competing interests. The authors have declared that no competing
interests exist.
References
1. CardilloM(2002)Thelife-historybasisoflatitudinaldiversitygradients:how
do species traits vary from the poles to the equator. J Anim Ecol 71: 79–87.
2. Moreau RM (1944) Clutch size: a comparative study, with special reference
to African birds. Ibis 86: 286–347.
3. Lack DL (1947) The signiﬁcance of clutch size, parts 1 and 2. Ibis 89: 302–
352.
4. Ricklefs RE (1980) Geographical variation in clutch size among passerine
birds: Ashmole’s hypothesis. Auk 97: 38–49.
5. Martin TE (2004) Avian life-history evolution has an eminent past: Does it
have a bright future? Auk 121: 289–301.
6. Stearns SC (1976) Life-history tactics: A review of the ideas. Quart Rev Biol
51: 3–47.
7. Ricklefs RE, Wikelski M (2002) The physiology/life-history nexus. Trends
Ecol Evol 17: 462–468.
8. Sheldon BC, Kruuk LEB, Merila ¨ J (2003) Natural selection and inheritance
of breeding time and clutch size in the collared ﬂycatcher. Evolution 57:
406–420.
9. Ashmole NP (1963) The regulation of numbers of tropical oceanic birds.
Ibis 116: 217–219.
10. Koenig WD (1986) Geographical ecology of clutch size variation in north
american woodpeckers. Condor 88: 499–504.
11. Lack DL (1968) Ecological adaptations for breeding in birds. London:
Methuen. iii–xii, 409 p.
12. Ricklefs RE (2000) Density dependence, evolutionary optimization, and the
diversiﬁcation of avian life histories. Condor 102: 9–22.
13. Ricklefs RE (2000) Lack, Skutch, and Moreau: The early development of
life-history thinking. Condor 102: 3–8.
14. Martin TE (1996) Life history evolution in tropical and south temperate
birds: What do we really know? J Avian Biol 27: 263–272.
15. Stutchbury BJ, Morton ES (2001) Behavioral ecology of tropical birds. San
Diego: Academic Press. ix, 165 p.
16. Case TJ (1978) Endothermy and parental care in the terrestrial vertebrates.
Am Nat 112: 861–874.
17. Bo ¨hning-Gaese K, Halbe B, Lemoine N, Oberrath R (2000) Factors
inﬂuencing the dutch size, number of broods and annual fecundity of
North American and European land birds. Evol Ecol Res 2: 823–839.
18. Ricklefs RE (1984) The optimization of growth rate in altricial birds.
Ecology 65: 1602–1616.
19. Starck JM, Ricklefs RE (1998) Patterns of development: The altricial-
precocial spectrum. In: Starck JM, Ricklefs RE, editors. Avian growth and
development: Evolution within the altricial precocial spectrum. New York:
Oxford University Press. pp. 3–30.
20. Saether B-E (1987) The inﬂuence of body weight on the covariation
between reproductive traits in european birds. Oikos 48: 79–88.
21. Mo ¨nkko ¨nen M (1992) Life-history traits of palearctic and nearctic migrant
passerines. Ornis Fennica 69: 161–172.
22. Kipp F (1943) Beziehungen zwischen dem Zug und der Brutbiologie der
Vo ¨gel. J Ornithol 91: 144–153.
23. Alerstam T, Hogstedt G (1981) Evolution of hole-nesting in birds. Ornis
Scandinavica 12: 188–193.
24. Martin TE, Li PJ (1992) Life history traits of open- vs. cavity-nesting birds.
Ecology 73: 579–592.
25. Slagsvold T (1982) Clutch size variation in passerine birds: the nest
predation hypothesis. Oecologia 54: 159–169.
26. Griebeler EM, Bo ¨hning-Gaese K (2004) Evolution of clutch size along
latitudinal gradients: revisiting Ashmole’s hypothesis. Evol Ecol Res 6: 679–
694.
27. Buckley LB, Jetz W (2007) Insularity and the determinants of lizard
population density. Ecol Lett 10: 481–489.
28. Hasegawa M (1997) Density effects on life-history traits of an island lizard
population. Ecol Res 12: 111–118.
29. Wiens JJ, Graham CH (2005) Niche conservatism: Integrating evolution,
ecology, and conservation biology. Ann Rev Ecol Evol Syst 36: 519–539.
30. Owens IPF, Bennett PM (1995) Ancient ecological diversiﬁcation explains
life-history variation among living birds. Proc R Soc Lond Ser B Biol Sci
261: 227–232.
31. Gaston KJ, Chown SL, Evans KL (2008) Ecogeographical rules: elements of a
synthesis. J Biogeogr 35: 483–500.
32. Jetz W, Rahbek C (2002) Geographic range size and determinants of avian
species richness. Science 297: 1548–1551.
33. McNamara JM, Barta Z, Wikelski M, Houston AI (2008) A theoretical
investigation of the effect of latitude on avian life histories. Am Nat 172:
331–345.
34. Ricklefs RE (1997) Comparative demography of new world populations of
thrushes (Turdus spp.). Ecol Monogr 67: 23–43.
35. Skutch AF (1985) Clutch size, nesting success, and predation on nests of
Neotropical birds, reviewed. Ecol Monogr 36: 575–594.
36. Sekercioglu CH, Daily GC, Ehrlich PR (2004) Ecosystem consequences of
bird declines. Proc Natl Acad Sci U S A 101: 18042–18047.
37. Sibley CG, Monroe BL (1990) Distribution and taxonomy of the birds of the
world. New Haven: Yale University Press.
38. Riede K (2004) Global register of migratory species - from global to
regional scales. Final report of the R&D-Projekt 808 05 081. Bonn: German
Agency for Nature Conservation. 330 p.
39. Jetz W, Wilcove DS, Dobson AP (2007) Projected impacts of climate and
land-use change on the global diversity of birds. PLoS Biol 5: 1211–1219.
doi:10.1371/journal.pbio.0050157
40. Hurlbert AH, Jetz W (2007) Species richness, hotspots, and the scale
dependence of range maps in ecology and conservation. Proc Natl Acad Sci
U S A 104: 13384–13389.
41. New M, Lister D, Hulme M, Makin I (2002) A high-resolution data set of
surface climate over global land areas. Clim Res 21: 1–25.
42. Sitch S, Smith B, Prentice IC, Arneth A, Bondeau A, et al. (2003) Evaluation
of ecosystem dynamics, plant geography and terrestrial carbon cycling in
the LPJ dynamic global vegetation model. Global Change Biol 9: 161–185.
43. Bondeau A, Smith PC, Zaehle S, Schaphoff S, Lucht W, et al. (2007)
Modelling the role of agriculture for the 20th century global terrestrial
carbon balance. Global Change Biol 13: 679–706.
44. Evans KL, Warren PH, Gaston KJ (2005) Species–energy relationships at the
macroecological scale: a review of the mechanisms. Biol Rev 80: 1–25.
45. Pielou EC (1979) Biogeography. New York, Chichester: Wiley. ix, 351 p.
46. Olson DM, Dinerstein E, Wikramanayake ED, Burgess ND, Powell GVN, et
al. (2001) Terrestrial ecoregions of the worlds: A new map of life on Earth.
Bioscience 51: 933–938.
PLoS Biology | www.plosbiology.org December 2008 | Volume 6 | Issue 12 | e303 2657
Avian Clutch Size across Species and Space